Temperature-dependent infrared-absorption measurements were performed on the spin orbit and trigonalcrystal-field split levels of the 4 T 1g cubic-field ground term of Co 2ϩ (3d 7 ) in the cadmium halides CdX 2 ͑X: Cl, Br, and I͒. Besides ␥ 4 ϩ →␥ 4 ϩ and ␥ 4 ϩ →␥ 5,6 ϩ electronic transitions, sharp vibronic lines are observed. From temperature-dependent line shift and line-broadening measurements of these lines, electron-phonon coupling parameters were determined. For Co 2ϩ in CdCl 2 , where the energy separation of the ␥ 4 ϩ and ␥ 5,6 ϩ levels studied is comparable to the phonon energies, a contribution from direct one-phonon processes needs to be included. Further line-shift measurements were made on Co 2ϩ pair lines to determine whether the electron-phonon coupling differed for Co 2ϩ pairs, with no significant difference being observed. The infrared-absorption spectrum for Co 2ϩ in CdI 2 is reported.
I. INTRODUCTION
The electron-phonon coupling for intraband 4 f n transitions in lanthanide ions has been investigated by determining vibronic-transition probabilities 1, 2 and by measuring temperature-dependent broadening of spectral lines. [2] [3] [4] Because of the shielding of the 4 f electrons from the surrounding ligands by filled 5s and 5p outer shells, these electronphonon coupling effects are weak. For the transition-metal ions, the 3d n transitions are characterized by stronger electron-phonon coupling effects with two types of transitions distinguished. If the transition within the 3d n configuration is between d orbitals with a different t 2g n e g m composition ͑for example, a t 2g ͑nonbonding͒→e g ͑antibonding͒ transition in octahedral symmetry͒ the transition appears as a broad band. If a transition within the 3d n configuration does not involve a change in bonding ͑for example, a spin-flip transition within the same t 2g n e g m composition͒, a sharp line is observed. To study the electron-phonon coupling by measurements of temperature-dependent line broadening, sharpline transitions are needed and the choice of 3d n ions for this is rather limited. The only 3d n ions for which electronphonon effects have been studied in some detail are Cr 3ϩ and V 2ϩ , both of which show sharp-line emission from a spin-flip transition within the 3d 3 configuration [5] [6] [7] in Al 2 O 3 :Cr 3ϩ /V 2ϩ ͑Refs. 5 and 6͒ and MgO:Cr 3ϩ . 7 It seemed that for line broadening the Raman two-phonon process was dominant. Kushida determined the contribution of the direct one-phonon processes to the line broadening in Ref. 6 . The influence of covalency of the host lattice on the electronphonon coupling 8, 9 and differences in the electron-phonon coupling for single Cr 3ϩ ions and Cr 3ϩ ion pairs have already been reported. 10, 11 In this paper, the electron-phonon coupling is investigated for transitions between spin-orbit split components of the 4 T 1g ground cubic-field term of Co 2ϩ (3d 7 ) in CdX 2 (X ϭCl, Br, I͒. Because spin-orbit coupling is of the order of 700 cm Ϫ1 for Co 2ϩ , these transitions occur as sharp lines in infrared-absorption spectra. The spectroscopy of Co 2ϩ is well established. The freeion ground-state 4 F is split by an octahedral crystal field into a ground 4 T 1g term and 4 T 2g and 4 A 2g terms. Here the Mulliken notation is adopted, while levels resulting from splitting of these cubic-field terms by spin-orbit coupling and trigonal distortions are labeled in the Bethe ␥ notation. 17 The 4 T 1g → 4 T 2g transition between the two lowest cubic-crystalfield terms occurs in the near infrared 18 around 7 000 cm
Ϫ1
as a broad band. The ground 4 T 1g term is split by spin-orbit coupling and the D 3d -symmetry trigonal crystal field into 6 Kramers-degenerate ␥ 4 ϩ and ␥ 5,6 ϩ levels, with the ␥ 5,6 ϩ levels two-fold degenerate in the absence of a magnetic field. 15 The resulting energy-level splitting pattern is given in Fig. 1 
B. Electron-phonon coupling effects
The electron-phonon coupling is the interaction between electronic states and lattice vibrations ͑phonons͒. The effect of the electron-phonon coupling on spectral lines is to increase spectral linewidths and to shift spectral-line positions with temperature.
The lifetime of an excited state is reduced at elevated temperatures by phonon-dephasing processes resulting in a larger uncertainty in the energy of a transition and broadening of the spectral line. 3 The inhomogeneous linewidth E Inh is from strains and defects in the host crystal and is temperature independent. 3 The homogeneous linewidth E Hom (T) is primarily determined by a Raman two-phonon dephasing process, giving a temperature-dependent contribution E Raman .
3,5 The contribution of the Orbach two-phonon process E Orbach is usually negligible. When electronic intervals have comparable energies to phonon energies, the direct processes E Abs D and E Em D of one-phonon absorption and emission also contribute to the line broadening. With both the Raman and the direct onephonon processes included, the linewidth E(T) as a function of temperature has the form 3, 5, 6 E͑T ͒ϭE
where x is equal to ប/kT and the n is the Bose-Einstein phonon-occupation number 1/(e ប/kT Ϫ1). 3, 5 The Debye temperature ⌰ D is related the maximum phonon energy. In the Debye approximation, the phonon density of states increases as 2 up to the phonon cutoff energy cutoff , with the Debye temperature defined by k⌰ D ϭប cutoff .
The electron-phonon parameters ␣ and ␤ i j may be determined by fitting the measured linewidths as a function of temperature, setting the low-temperature linewidth to the inhomogeneous linewidth E Inh and adopting a value for the Debye temperature ⌰ D derived from the vibrational spectrum of the host crystal. 3 The line shift as a function of temperature also depends on the electron-phonon coupling. 5 Because of the decrease in crystal-field strength with temperature, the spectral lines usually shift to lower energy as a red shift. The line shift as a function of temperature can be fitted to the Raman twophonon process by
Both x and ⌰ D are as defined before, ⑀ 0 is the position of the line at Tϭ0 K and ␣ is a further electron-phonon parameter. 5 With the omission of any direct one-phonon contributions and adopting the same Debye temperature as used for the analyses of the line broadening, it is possible to determine the parameter ␣ from a fit of the measured line shifts as a function of temperature. 
III. EXPERIMENTAL

A. Synthesis
Care has to be taken to prevent contamination by moisture of these hygroscopic-halide crystals CdX 2 :Co 2ϩ (XϭCl, Br, I͒. The starting materials were first dried over several days under vacuum. To remove oxide or residual water, the starting materials of the appropriate cobalt and cadmium halide were heated to their melting point under a flow of of HBr or HCl in a furnace raised to 600°C over a period of three hours. The molten liquid was passed through a quartz sieve into a tube, which was sealed off. The crystals were grown by the Bridgmann method of slowly lowering these sealed quartz ampoules through the temperature gradient of a furnace at 600°C over three days.
For the CdI 2 :Co 2ϩ crystals, the first purification step had to be omitted as HI gas decomposes at high temperatures. The starting materials were dried CdI 2 and CoI 2 powders, which were sealed off in glass ampoules. The crystals were grown by the Bridgman method at 425°C. trol unit which regulated the current through an electric heater. The Win-IR curve-fit routine was used to determine spectral linewidths and shifts.
IV. RESULTS AND DISCUSSION
The infrared-absorption spectra for Co 2ϩ ions in CdCl 2 and CdBr 2 have been reported 15, 16 with both electronic and sharp vibronic lines being observed. We report temperature dependences of the widths and shifts of these electronic and sharp vibronic lines of Co 2ϩ . Infrared-absorption spectra are reported also for single Co 2ϩ ions in CdI 2 . Table I summarizes the spectroscopic data, together with measured vibrational intervals for the sharp vibronic lines, the host-lattice phonon cutoff energies and adopted values for the Debye temperatures ⌰ D . All these quantities show systematic trends along the chloride to iodide series, which are related to the increase in the ionic radius of the ligands from Cl Ϫ to Br Ϫ and I Ϫ . As expected, the smallest ligand (Cl Ϫ ) gives the largest crystal-field splitting while its smaller mass gives higher lattice-vibration frequencies.
The influence of ion-pairs on the electron-phonon coupling has been studied for 4 f n rare-earth ions and for 3d n transition-metal ions. It had been reported that electronphonon coupling was enhanced for lanthanide-ion pairs and theoretical models explaining the enhanced electron-phonon coupling strength were developed. [19] [20] [21] [22] [23] [24] Later it turned out that the observation of enhanced intensity for vibronic lines in absorption spectra of lanthanides was related to saturation effects for the electronic lines at higher lanthanide concentrations and not to any specific concentration enhancement of the electron-phonon coupling. 25 For transition-metal ions, an influence of ion pairing may be apparent since the electronphonon coupling is larger. To investigate this possibility, the Fig. 2 represent fits to Eq. ͑2͒ with the resulting fit parameters summarized in Table II . Figure 2 shows that the line broadening of all three transitions are all about the same. All the lines start to broaden above 40 K and rapidly increase in width between 40 and 100 K. electron-phonon parameter ␣ as derived from a fit of the data to Eq ͑2͒. Good fits are obtained with the Raman process alone and inclusion of contributions from direct one-phonon processes does not improve these fits. For the line-broadening of the ␥ 4 ϩ →␥ 5,6 ϩ vibronic line, a fit including direct one-phonon emission was especially made. This was because this vibronic transition is a combination of an electronic transition to the ␥ 5,6
ϩ level coupled to a 60 cm Ϫ1 phonon and it was expected that emission of this 60 cm Ϫ1 phonon might contribute significantly to line broadening. Nevertheless, the result of this particular fit shows that any contribution from such 60 cm Ϫ1 phonon emission is negligible.
This result is confirmed by the measurements of the temperature-dependent line shifts as shown in Figs. 3͑a͒,  3͑b͒ , and 3͑c͒. The spectral positions as a function of temperature were fitted equally well with only the Raman twophonon process. The derived ␣ values from these fits are collected in Table III. At higher Co 2ϩ concentrations, Co 2ϩ pair lines appear 15 and these lines were examined for CdBr 2 . In Figs. 4͑a͒ and 4͑b͒, the infrared-absorption spectra of CdBr 2 with 1 mole % ͓4͑a͔͒ and with 5 mole % Co 2ϩ ͓4͑b͒, inset͔ are shown. For the higher-concentration crystal in the inset, a weak extra absorption line is observed at about 877 cm Ϫ1 ͑see arrow in the left in the inset͒, whose intensity increases at elevated temperatures. Additional features in this spectrum are a number of lines around 905 cm Ϫ1 and an absorption on the highenergy tail of the ␥ 4 →␥ 5, 6 ϩ vibronic line ͑as indicated by other arrows in the inset͒.
At higher Co 2ϩ concentrations, all absorption lines are broader through inhomogeneous broadening. As Co 2ϩ pair lines occur close together, measuring their temperaturedependent linewidths was impracticable and only temperature-dependent line-shifts could be analyzed. These were carried out for the two Co 2ϩ pair lines near 905 and 910 cm Ϫ1 shown in Fig. 5 . Analysis of the shifts for both these pair lines for comparison with those for single Co 2ϩ lines yielded the ␣ values given in Table IV , which are all comparable. It has to be concluded that the electron-phonon coupling for single Co 2ϩ and Co 2ϩ ion pairs differ little. This is in agreement with the results found for Cr 3ϩ (3d 3 ), where the electron-phonon coupling for Cr 3ϩ pairs and single Cr 3ϩ ions was found to be similar. in CdBr 2 , the Raman dephasing process alone could not account for the observed line broadening, especially over the temperature range from 40 to 70 K where the observed broadening is much more rapid than predicted by the Raman process.
To obtain a good fit, contributions from direct one-phonon processes need to be included between energy levels of Co 2ϩ as shown in Fig. 7 
͑4͒
By including both these one-phonon contributions, good agreement with the observed line-broadening behavior is obtained. For other lines of Co 2ϩ in CdCl 2 the temperature dependence of their linewidths was fitted including appropriate one-phonon processes as determined from the energylevel scheme of Fig. 7 . The fits are shown in Fig. 6 and the corresponding fitting parameters listed in Table II . Inclusion of one-phonon processes results in a good agreement between the calculated and observed temperature dependences of the linewidths. However, for the ␥ 4 ϩ →␥ 5,6 ϩ vibronic transition, an anomalously large value of ␣ is found suggesting that further one-phonon emission and absorption processes may be involved. The fit of the line-shifts of Co 2ϩ in CdCl 2 using only ␣ and ⌰ D as fit parameters are shown in Fig. 8 with the parameter values listed in Table III . Here the agreement between the fits and the observed temperature dependence of the line shifts is poor, which indicates one-phonon processes are needed for interpretation of line shifts, as well as line broadening. To understand why the direct one-phonon processes do have a significant contribution for Co 2ϩ in CdCl 2 and not for Co 2ϩ in CdBr 2 , the difference in the phonon spectra of the two hosts needs to be considered. As the maximum-phonon energy and Debye temperature are considerably higher for CdCl 2 , the Raman two-phonon process does not give any significant broadening until a temperature of about 50 K is reached ͑see broken lines in Fig. 6͒ . At this temperature, one-phonon emission and absorption processes to levels at 30 cm Ϫ1 and 73 cm Ϫ1 away are significant as these levels are thermally populated by 50 K. At higher temperatures the Raman process prevails. In the case of CdBr 2 , the Debye temperature is lower giving rapid line broadening from the Raman process above 30 K. Contributions of any onephonon process between 40 and 70 K would be small compared to the onset of this broadening by the Raman process.
When comparing the ␣ values of the ␥ 4 ϩ →␥ 5,6 ϩ electronic transitions for CdCl 2 and CdBr 2 , those for CdBr 2 are larger than for those CdCl 2 as expected for more covalent lattices. However, because of the presence of direct one-phonon process contributions, our results are not strong evidence for this dependence.
The electron-phonon coupling of Co 2ϩ may be compared with the electron-phonon coupling found for the 2 Ϫ1 are yet to be reported and the positions of the spin-orbit and trigonal-crystal-field split components of the 4 T 1g term were established as part of this study. In Fig. 9 tentatively assigned and it was difficult to measure its broadening. From 10 to 20 K, this line broadened from 0.4 to 1.3 cm Ϫ1 and disappeared into the background at higher temperatures. Both the lower Debye temperature and the expected stronger electron-phonon interaction for the covalent CdI 2 lattice account for these rapid line-broadening changes with temperature.
V. CONCLUSIONS
The electron-phonon coupling for Co 2ϩ (3d 7 ) in three different cadmium halides has been investigated by measuring the line broadening and line shift of transitions between spin-orbit and trigonal-crystal-field levels of the 4 
